Investigation of Wind Farm Interaction with Ethiopian Electric Power Corporation's Grid  by Bekele, Getachew & Abdela, Abdulfetah
Energy Procedia 14 (2012) 1766 – 1773
1876-6102 © 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the organizing committee of 2nd International 
Conference on Advances in Energy Engineering (ICAEE).
doi:10.1016/j.egypro.2011.12.1165
Available online at www.sciencedirect.com
 
 
Energy
Procedia  
          Energy Procedia  00 (2011) 000–000 
www.elsevier.com/locate/procedia
Available online at www.sciencedirect.com
Investigation of Wind Farm Interaction with Ethiopian 
Electric Power Corporation’s Grid 
Getachew Bekele, Abdulfetah Abdela   
Addis Ababa Institute of Technology, Department of Electrical and Computer Engineering 
P. O. Box 385 Addis Ababa, Ethiopia 
 
Abstract 
Ethiopia is planning to use wind power plants in addition to the existing hydropower plants to supply the 
increasing load demand to insure sustainable development. Consequently, large scale wind farms are going to be 
integrated to EEPCO’s (Ethiopian Electric Power Corporation’s) grid. This paper is concerned with investigation of 
interaction of wind farm with EEPCO’s grid under transient operating condition. It is mainly concerned with Fault 
Ride-Through (FRT) capability, which includes voltage recovery at the wind turbines terminal; active and reactive 
power behaviour of the wind turbines after the fault is cleared. Recently planned wind farms of Ethiopia like Adama 
and Aisha use Permanent Magnet Synchronous Generator Wind Turbine (PMSG WT). As a result dynamic model of 
PMSG WT is developed by DIgSILENT PowerFactory simulation tool. Then Adama phase-1 wind farm with 34 
PMSG WTs is modelled by using aggregated modelling approach. This model is used to investigate FRT capability 
and, active and reactive power behaviour of the wind farm by applying three phase short circuit fault. Promising 
response is observed from the Adama wind farm with PMSG WT when fault occurs on the grid terminal near to the 
wind farm. 
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1. Introduction 
 Ethiopia has great wind energy potential. According to statistics [1], the capacity is 18645MW, 
4925MW, and 2005MW with wind speed of 7.5~8m/s, 8~8.8m/s, and more than 8.8m/s respectively at a 
height of 50m. This shows that there is a favourable condition to construct large scale wind farm. 
Technically, wind energy could be the second most important resource next to hydropower for power 
generation.  As wind power is renewable clean energy with short construction periods, it has significant 
advantage of quick results. Thus, EEPCO has planned to use wind power plants to solve the shortage of 
electric power supply. This will result in increased penetration of wind energy into EEPCO’s grid and this 
increase will have significant influence on the stability of the power system. Consequently, performance 
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angel controller model is reported in references [6, 7]. As shown in Fig.3 it involves PI controller and 
servo controller. This model is implemented by DIgSILENT powerfactory. 
                                       Fig. 3. Pitch angle controller 
2.5. PMSG Dynamic Model 
 
From Fig. 4 assuming the flux can entirely be described by a vector, the internal voltage � induced in 
the stator winding by the permanent magnet flux ��� can be expressed as [6]: 
 
�
� ��������                                                                                                                                              ���
The voltage equations of the PMSG, expressed in the rotor-oriented dq-reference frame RRF (the 
reference frame in which d-axis is aligned with the vector of the permanent magnet flux), can be 
expressed as follows [5, 8]: 
��� � ����� � ������� �
���� 
��                                                                                                              ���
��� � ����� � ������� �
���� 
��                                                                                                              ��� 
 ��� �
�� ��� � ���                                                                                                                                    ���
 Ψ�� � �� ���                                                                                                                                                ���� 
Where: �� is stator resistance; ��� and ��� are the terminal stator voltage components; ��� and ��� are 
the stator current components; ��  and �� are the stator inductances; ��� and ���  are permanent magnet 
fluxes in the dq-reference frame. In DIgSILENT synchronous generator model is available as built in 
model.  
 
 
 
 
 
 
    Fig. 4. PMSG model and phasor diagram [8] 
2.6. Frequency Converter Model 
For power system stability studies, fundamental frequency model of frequency converter is mostly 
used. Assuming an ideal DC-voltage and an ideal PWM modulation (infinite modulation frequency), the 
fundamental frequency line to line AC voltage (RMS value) and the DC voltage can be related to each 
other as follows [4,5]: 
|���| � �������                                                                                                                                     ���� 
 
Where:  �� , which denotes the pulse-width-modulation index, is limited ( � � �� � � ) to avoid 
saturation effects. The factor ��  depends on the modulation method, e.g. rectangular or sinusoidal 
modulation. In case of sinusoidal modulation, which is standard in power applications, the factor �� is 
defined as: 
 
�� �
√3
2√2
                                                                                                                                              ��2� 
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2.7.  Frequency Converter Model
Vector control techniques are usually used for control of frequency converters. In Vector control 
technique active and reactive powers can be controlled separately. The idea is to use a rotating reference 
frame based on an AC flux or voltage and then to project currents on this rotating frame. The frequency 
converter control of the PMSG is divided into two controllers: a control for the grid side converter and a 
control for the generator side converter. The frequency converter control is coordinated with the blade 
angle control for the rotor blades. 
There are varies control strategies of frequency converters. They vary on the types of parameters they 
control and on types of objectives they are required to achieve. In this work active and reactive power 
control by means of the grid side converter in which stator voltage and DC-link voltage are controlled by 
generator side converter is used. The detailed model of the frequency converter controller is available in 
references [4, 5, 8]. 
3. Adama Wind Farm Model 
Since wind farm is a collection of individual wind turbines, the wind farm dynamic modelling directly 
follows from the wind turbine dynamic modelling. For effective simulation, aggregation of these many 
wind turbines to one representative wind farm model is highly desirable. When carrying out short-term 
simulations, e.g. in transient stability studies, when the mechanical behaviour has generally no big impact 
on voltages and power flows at the connection point, a fully aggregated model representing an entire wind 
farm by one equivalent generator having -times the size of each individual generator is a useful approach. 
The idea of the aggregation is to represent an entire large wind farm in voltage stability investigations 
by one equivalent lumped wind turbine with rescaled power capacity. DIgSILENT PowerFactory offers a 
built-in directly aggregation technique for the electrical system of the wind turbine [9]. For example, the 
generator and the transformers can be modelled directly by a certain number of parallel machines or 
transformers, respectively, while the other electrical components (power converter, capacitance, and 
inductance) and controllers can be up scaled accordingly to the increased power flow.  
The mechanical part of the wind farm aggregated model, namely the shaft model, the aerodynamics 
and the pitch system, is modelled as for one individual wind turbine. The mechanical power used as an 
input to the aggregated generator is then the mechanical output from one turbine multiplied by the 
number of turbines in the wind farm. The challenge during this aggregation is to maintain the behaviour 
of the wind farm on the relevant aspects. 
The capacity of Adama wind farm (phase-1) is 51MW, with 34 units, and 1.5MW each unit. Thus, in 
the aggregation method of modelling, the number of parallel machine is set to 34 in DIgSILENT. In 
addition the power ratings of frequency converters are set accordingly. For each turbine unit transformer 
33/.69 kV, the equivalent aggregation modelling is possible by setting the number of parallel machine to 
34 in DIgSILENT. Finally the main transformer capacity can be set to 55MVA; the voltage rating is 
132/33kV.  
High voltage terminal is connected with Adama substation by 132kV single circuit overhead line. At 
the substation the wind farm is connected to the EEPCO grid. From this substation Adama load is 
supplied. The remaining power is supplied to the EEPCO grid as shown in Fig. 5. The EEPCO network 
extending from the Adama substation is represented by its Thevenin equivalent (Fig. 5). The maximum 
and minimum short circuit power of EEPCO network  at 132kV bus of Adama substation is 1188.88 
MVA (5.2kA) and 1069.74 MVA (4.6789 k A) respectively. 
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              Fig. 5. Wind farm grid connection model 
4. Simulation and Analysis 
After simulation set up is completed, 3-phase short circuit fault with duration of 150 ms is applied at 
High Voltage (HV) terminal of the wind farm shown in Fig. 5. Before the fault was applied the voltage at 
the wind turbines terminal was 1.04 p.u. (Fig. 7). After the application of short circuit fault at 3 s, wind 
turbines terminal voltage falls to 0.083 p.u.  (Fig. 7). After clearance of the fault, the voltage returns to 
almost pre-fault value within 82 ms. 
In addition to voltage ride through capability, another important thing to be considered is the capability 
of the active and reactive power at the wind turbine terminals to return to the pre-fault value after the fault 
is cleared. As shown in Fig. 7, the active power just before the occurrence of the 3-phase short circuit 
fault was 1 p.u. During fault the active power falls to 0.01 p.u. (Fig. 7). After clearance of the fault, the 
active power returns to almost pre-fault value within time duration of 232 ms. Similar to the active power 
case the reactive power just before the occurrence of the fault was 0.352 p.u. ( Fig. 8). When the fault is 
cleared the reactive power changes to support the voltage to return to the pre-fault value. Finally reactive 
power returns to the pre-fault value (Fig. 8). 
Most countries using large scale wind farms have grid connection codes that specify fault ride through 
requirements of wind farms to their grid. Since Ethiopia has currently started using wind farms, there is 
no wind farm connection requirement developed yet. Thus, the results obtained before are compared with 
the summarized FRT behaviour of a wind farms reported in [10, 11]. The voltage ride through 
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requirement is shown in Fig. 6. According to reference [10, 11] fault ride through requirements for 
voltage and active power is summarized as follows: 
 For super grid voltage deep that last up to 140 ms, the wind farm has to remain connected to the 
network. If voltage dip is greater than 140ms; the wind farm has to remain connected to the system for 
any dip-duration on or above the heavy black line of Fig.6 to supply active power to at least 90% of its 
pre-fault value.  For system faults that last up to 140 ms; upon the restoration of voltage to 90% of 
nominal, a wind farm has within 0.5 sec. For voltage dips of duration greater than 140 ms, a wind farm 
has to supply active power to at least 90% of its pre-fault value within 1 sec of restoration of voltage to 90% 
of nominal.  For voltage dips lasting more than 140 ms; the active power output of a wind farm has to be 
retained at least in proportion to the retained balanced super grid voltage. 
Fig. 6. Required ride through capability of wind farms for super grid voltage dips [10] 
 Fig. 7. Voltage at the wind turbines terminal 
 Fig. 8. Active power at the wind turbines terminal 
 Fig. 9. Reactive power at the wind turbines terminal 
5. Conclusions 
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Large scale wind farms connected to the EEPCO grid have to comply with the grid requirements for the 
EEPCO power system to be stable, reliable and serve its customers with quality power. Even though most 
countries’ power system operators have grid connection requirements for wind farms, EEPCO has not yet 
developed one for wind farms.  The findings of this paper are important inputs for EEPCO to make 
further studies on wind farm interaction with grid as well as to develop wind farm grid connection 
requirements. Moreover, it is also very important to use reliable and quality wind turbine concepts. In this 
study, Adama wind farm with PMSG WT is proved to be promising. Comparison of the simulation results 
with the previous requirements shows that Adama wind farm can ride from voltage deep within a short 
time. The active and reactive power performance of the wind farm is also good with respect to three phase 
short circuit fault showing its immunity.
References 
[1]  Hydrochina Corporation, Feasibility Study for Ethiopian Adama (Nazret) Wind Park, Nov. 6, 2009 
[2] Rajveer Mittal, K.S.Sandhu, D.K.Jain, LVRT of Grid Interfaced Variable Speed Driven PMSG for WECS during Fault, 
International Journal of Computer and Electrical Engineering, Vol. 1, No.4, October, 2009 
[3] Akhmatov V., Modelling and Ride-through Capability of Variable Speed Wind Turbines with Permanent Magnet 
Generators, Wind Energy 2006; 9:313–326  
[4] Hansen AD, Michalke G, Modelling and Control of Variable speed Multi-pole Permanent Magnet Synchronous Generator 
Wind Turbine, Wind Energy 2008; 11:537–554 
[5] Hansen AD, Michalke G, Multi-pole permanent magnet synchronous generator wind turbines’ grid support capability in 
uninterrupted operation during grid faults, IET Renewable Power Generation, November 2008. 
[6] Ackermann T., Wind Power in Power Systems. New York: John Wiley & Sons, 2005 
[7] Hansen AD., Iov F, Sørensen P, Cutululis  N, Jauch C, Blaabjerg F., Dynamic Wind Turbine Models in Power System 
Simulation Tool DIgSILENT, Risoe Report R-1400(ed.2)(EN), Risø National Laboratory, Denmark, August 2007  
[8] Michalke G., Variable Speed Wind Turbines - Modelling, Control, and Impact on Power Systems, PhD Thesis, Technidche 
Universitat Darmstadt, 2008 
[9]  PowerFactory User’s Manual DIgSILENT PowerFactory, Version 14.0, DIgSILENT GmbH, Gomaringen, Germany 2008 
[10] Mittal R., Sandhu  K. S. and Jain D. K., Low Voltage Ride –Through (LVRT) of Grid Interfaced Wind  Driven PMSG.  
ARPN Journal of Engineering and Applied Sciences, VOL. 4, NO. 5, JULY 2009. 
[11] Chondrogiannis S., Barnes M. and Aten M., “Technologies for Integrating Wind Farms to the Grid”, unpublished. 
